Introduction {#Sec1}
============

Research on fetal heart rate (FHR) monitoring has been conducted to determine the clinical significance of different morphological categories of FHR tracing. It was thought that if hypoxia and other aspects of fetal status could be understood and medical interventions administered early, the incidence of fetal death during delivery, neonatal asphyxia, and even cerebral palsy could be reduced^[@CR1]^. However, subsequent studies reported no change in the incidence of cerebral palsy, and while the number of perinatal deaths has declined, the number of cesarean sections (C-sections) has increased^[@CR2]^. Abnormalities in FHR monitoring can appear as late deceleration (LD), severe variable deceleration (SVD), loss of variability (LV), or bradycardia. When these occur alone or in combination, non-reassuring fetal status is diagnosed, and immediate delivery of the fetus is recommended^[@CR3]^. However, the increase in the C-section rate has been accompanied by an increased awareness of the harm this procedure can cause. Moreover, fetuses that exhibit FHR abnormalities do not necessarily present with acidosis and do not always require immediate delivery^[@CR3]--[@CR5]^. In other words, there are many cases of false positives in FHR monitoring which do not actually present with acidosis. Since FHR monitoring is an essential component of fetal management, pursuing the causes of false positives in FHR monitoring is extremely important. However, these causes are not clearly understood^[@CR6]--[@CR8]^.

Recently, air pollution has been linked to fetal growth restriction, low birth weight^[@CR9]--[@CR11]^, and preterm birth^[@CR12]^. Research in animal models has confirmed that air pollution can damage the uterine environment and affect fetal growth and development^[@CR13],[@CR14]^. Fetuses adapt to changes in the uterine environment (e.g., undernutrition, maternal inflammation, and stress), and the results of these adaptations may manifest in adulthood as heart disease or other health problems^[@CR15]^. Air pollution can cause uterine inflammation^[@CR16]^, which often leads to hypoxic states^[@CR17]^. In animal experiments, hypoxic stimulation causes changes in heart rate responses. Subsequently, the same amount of hypoxic stimulation caused greater declines in the heart rate^[@CR18],[@CR19]^.

Therefore, we hypothesized that exposure to inflammation caused by air pollution changes the fetal heart rate responses and causes false positives in FHR monitoring. In this study, we considered cases that presented with FHR monitoring abnormalities, without acidemia or fetal asphyxia, with umbilical arterial blood pH ≥ 7.2, and Apgar score ≥7, as false positives^[@CR20],[@CR21]^, and examined the association with exposure to air pollution during pregnancy.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

This study was approved by the Institutional Review Board of Kyushu University (No. 28-153), Japan, and the Japan National Institute for Environmental Studies (No. 1-2016-005) and performed according to the Declaration of Helsinki. Analyses were performed on de-identified data from the Japan Perinatal Registry Network database, which is maintained by the Japan Society of Obstetrics and Gynecology. This database includes data on all live births and stillbirths after 22 weeks of gestation at participating hospitals (primarily university hospitals and local general hospitals). Details of this database have been published previously^[@CR22]^.

In this study, we used perinatal data from 28 hospitals across eight prefectures (Fukuoka, Saga, Nagasaki, Kumamoto, Oita, Miyazaki, Kagoshima, and Okinawa) in the western part of Japan (Kyushu-Okinawa District), from 2005 to 2010. The data included maternal age, height, weight, parity, gestational age as determined from ultrasound findings in early pregnancy, smoking status and alcohol consumption during pregnancy, medical history, diagnoses of obstetric complications, birth weight, and infant sex.

During the study period, 47,835 singleton deliveries were registered. Among these, 6,906 deliveries for which the prefecture of the mother's residence was different from the location of the birth hospital were excluded to avoid exposure misclassification due to the Japanese satogaeri custom (some mothers go back to their parental homes, and deliver at a hospital near their parents' homes). In addition, the following deliveries were excluded: 2,832 deliveries with gestational age \<32 weeks (unsuitable for FHR assessment^[@CR23],[@CR24]^); 9,752 deliveries with missing information on umbilical cord blood pH (n = 7,282) or umbilical blood pH \< 7.2 (acidemia)^[@CR20],[@CR25]^ (n = 2,470); 1,385 deliveries with Apgar scores \<7 at 1 minute or 5 minutes after birth (to restrict the study sample to newborns in good health^[@CR21]^); 1,726 deliveries to mothers with intrauterine infection, oligohydramnios, or placental abruption (which are causes of FHR monitoring abnormalities^[@CR26],[@CR27]^; one delivery with fetal death (stillbirth); 1,346 deliveries with conception date ≥22 weeks before the study period began and those with conception dates ≤42 weeks before the study period ended to prevent fixed cohort bias^[@CR28]^, and 105 deliveries with missing data on maternal age (n = 2) or exposure to pollutants (n = 103). After applying these exclusions, 23,782 singleton deliveries at gestational age ≥32 weeks were included in the analysis.

Environmental data {#Sec4}
------------------

Concentrations of air pollutants (particulate matter \[PM\], nitrogen dioxide \[NO~2~\], sulfur dioxide \[SO~2~\], and ozone measured as photochemical oxidants), measured at ambient air pollution monitoring stations and whose measurements were regarded to be representative of their respective communities, were collected from the Japan National Institute for Environmental Studies' atmospheric environment database. As an indicator of PM, we used suspended PM, defined under the Japan Air Quality Standards as airborne particles with a 100% cut-off level of 10-μm aerodynamic diameter^[@CR29]^. Because routine measurement of PM~2.5~ (particles with a 50% cut-off level of 2.5 μm in aerodynamic diameter) at monitoring stations did not start in Japan until after 2010, we could not assign PM~2.5~ concentrations to most of the study participants.

The Japan Perinatal Registry Network database includes de-identified data; thus, we did not have the specific residential addresses or postal codes of study participants. Based on the assumption that the pregnant women reside near their delivery hospitals, which we previously validated^[@CR30]^, we assigned pollutant concentrations measured at the closest monitoring station to each participant's delivery hospital. Each monitoring station and the corresponding hospital were located within the same administrative area, and the median linear distance between them was 1.1 miles (1.8 km), except for one hospital in Okinawa prefecture (8.5 miles \[13.6 km\]). Specific locations of 24 monitoring stations and 28 hospitals have been described previously^[@CR31]^.

We used daily mean concentrations of air pollutants (maximum 8-h mean concentrations for ozone) and calculated the average concentrations during the first trimester (0--13 weeks of gestation), second trimester (14--27 weeks of gestation), and third trimester (28-31 weeks of gestation as we included women who delivered in the preterm period).

FHR monitoring abnormality {#Sec5}
--------------------------

FHR monitoring was performed at the time of hospitalization after the onset of labor or for complications such as the rupture of membranes. FHR monitoring was also performed during delivery.

The Japan Perinatal Registry Network database contains data on the following eight intrapartum FHR monitoring parameters: early deceleration (ED), LD, mild variable deceleration (MVD), SVD, LV, bradycardia, tachycardia, and others. In the present study, FHR monitoring abnormalities was defined as LD, SVD, LV, or bradycardia alone or a combination of them; ED is considered to be a normal reaction, and MVD and tachycardia are not attributable to acidosis alone^[@CR32]^. However, if ED, MVD, tachycardia or others were recorded in addition to LD, SVD, LV, or bradycardia, the participant was still classified under the FHR monitoring abnormality category. Concerns could also be raised regarding the reliability and validity of diagnoses based on FHR monitoring. However, as assessments were performed by obstetricians at university hospitals and regional general hospitals, we expected inter-rater variability to be low^[@CR33]^.

Statistical analysis {#Sec6}
--------------------

To measure the association between exposure to pollutants during the first trimester and FHR monitoring abnormalities, odds ratios (ORs) and 95% confidence intervals (CIs) per 10-unit increase in pollutant concentrations were estimated using multilevel logistic regression with hospital-level random effects (Supplementary figure). In this study, we assumed a linear association, since there was no evidence of a non-linear one. Regression models were adjusted for exposure to each pollutant during the first, second and third trimesters; maternal age at delivery (\<25, 25--29, 30--34, ≥35 years); birth year (2005, 2006, 2007, 2008, 2009, 2010); season of conception (spring, summer, autumn, winter); smoking during pregnancy (no, yes, missing); alcohol drinking during pregnancy (no, yes, missing); parity (0, ≥1); mode of delivery (vaginal, scheduled cesarean, emergency cesarean); gestational age at birth (^[@CR32]--[@CR36]^, ≥37 weeks of gestation); small for gestational age (birth weight \<10 percentile for gestational age) (yes, no) due to abnormal FHR based on prematurity^[@CR23],[@CR24]^; and premature rupture of membranes (yes, no) and presence of congenital abnormalities (yes, no) as these two conditions are associated with FHR monitoring abnormalities^[@CR34]--[@CR37]^. Then, we constructed a multi-trimester model including exposure during all three trimesters. In addition, we performed several sensitivity analyses in order to avoid the possibility of residual confounding. We also constructed a multi-pollutant model including exposure to all pollutants. Statistical analyses were conducted using STATA 13 for Windows (Stata Corporation, College Station, TX, USA).

Results {#Sec7}
=======

The characteristics of the 23,782 deliveries included in the study are shown in Table [1](#Tab1){ref-type="table"}. The mean maternal age at delivery was 31.0 years (standard deviation \[SD\] = 5.5), and 9.8% of fetuses exhibited FHR monitoring abnormalities. During the first trimester, mean concentrations of the pollutants were 27.1 μg/m^3^ (SD =8.0) for PM, 41.3 ppb (9.7) for ozone, 11.5 ppb (6.2) for NO~2~, and 3.1 ppb (1.4) for SO~2~ (Table [2](#Tab2){ref-type="table"}). Pearson's correlation coefficients for exposure to PM and NO~2~ were moderate (0.52 during the first trimester, 0.54 during the second trimester, and 0.47 during the third trimester).Table 1Characteristics of study participants from western Japan, 2005--2010 (n = 23,782).Variablesn^a^%Maternal age at delivery (years)        \<253,10213.0        25--296,00125.2        30--348,01133.7        ≥356,66828.0Birth year        20052,1118.9        20063,66315.4        20073,75615.8        20083,80116.0        20095,10421.5        20105,34722.5Season of conception        Spring (Mar--May)6,59927.8        Summer (Jun--Aug)5,34722.5        Autumn (Sep--Nov)5,55823.4        Winter (Dec--Feb)6,27826.4Parity        010,55044.4        ≥113,22955.6Smoking during pregnancy        No15,34990.1        Yes1,6899.9Alcohol drinking during pregnancy        No15,80594.5        Yes9395.6Gestational age at birth (weeks)        32--363,37414.2        ≥3720,40885.8Premature rupture of membranes        Yes2,2859.6        No21,49790.4Mode of delivery        Vaginal15,09163.5        Scheduled cesarean5,07621.3        Emergency cesarean3,61515.2Presence of congenital anomalies        Yes7873.3        No22,99596.7Small for gestational age (birth weight \<10 percentile for gestational age)        Yes2,1799.2        No21,57090.8Fetal heart rate monitoring abnormalities        Yes2,3239.8        No21,45990.2^a^Numbers in the subgroups do not tally with the overall number because of missing data. Table 2Summary of average concentrations of each air pollutant and Pearson\'s correlations between pollutants in western Japan, 2005--2010.PollutantPollutantnMean (SD^a^)PercentilePearson\'s correlation255075Interquartile rangePM^b^ (μg/m^3^)\*Ozone (ppb)NO~2~ ^c^ (ppb)SO~2~ ^d^ (ppb)Concentrations during the first trimester (0--13 weeks of gestation)PM (μg/m^3^)^e^23,78227.1 (8.0)21.427.232.110.71Ozone (ppb)^f^21,65541.3 (9.7)34.540.247.913.40.121NO~2~ (ppb)21,54311.5 (6.2)7.011.516.29.20.52−0.171SO~2~ (ppb)23,4773.1 (1.4)2.02.93.91.90.17−0.160.371Concentrations during the second trimester (14--27 weeks of gestation)PM (μg/m^3^)23,78226.9 (7.8)21.427.131.810.41Ozone (ppb)21,65542.0 (9.4)35.141.048.313.20.111NO~2~ (ppb)21,54311.2 (6.0)6.711.215.89.10.54−0.161SO~2~ (ppb)23,4773.0 (1.4)2.02.83.91.90.16−0.160.351Concentrations during the second trimester (28--31 weeks of gestation)PM (μg/m^3^)23,62327.0 (9.2)20.426.432.812.41Ozone (ppb)21,62841.6 (12.7)32.440.250.418.00.181NO~2~ (ppb)21,34611.0 (6.2)6.210.915.49.20.47-0.091SO~2~ (ppb)23,3572.9 (1.6)1.82.73.92.10.21-0.030.321^a^SD = standard deviation, ^b^PM = particulate matter, ^c^NO~2~ = nitrogen dioxide, ^d^SO~2~ = sulfur dioxide,^e^As an indicator of PM, we used suspended PM, defined as airborne particles with a 100% cut-off level of 10-μm aerodynamic diameter under the Japan Air Quality Standards.^f^ppb = parts per billion.

Associations between exposure to pollutants and false positives in FHR monitoring are shown in Table [3](#Tab3){ref-type="table"}. In a multi-trimester model, first-trimester PM exposure was positively associated with false positives in FHR monitoring (OR per interquartile range (10.7 μg/m^3^) increase in PM concentrations = 1.20; 95% CI: 1.05--1.37). This association was not significantly changed after exposure to ozone, NO~2~, or SO~2~ during the first trimester (OR = 1.23, 95% CI = 1.05--1.44) (Table [4](#Tab4){ref-type="table"}). In contrast, no significant association was observed between exposure in other trimesters and false positives in FHR monitoring (OR per interquartile range (10.4 μg/m^3^) = 1.05, 95% CI: 0.91--1.21 for the second trimester; and OR per interquartile range (12.4 μg/m^3^) = 1.06, 95% CI: 0.96-1.17 for the third trimester). The results for first-trimester PM exposure were robust in all the sensitivity analyses as follows: excluding participants in the Okinawa area due to the distance between one hospital and its respective monitoring station; restricted to nulliparous women; restricted to non-smokers and non-drinkers; excluding women who delivered in the preterm period (^[@CR32]--[@CR36]^ weeks of gestation) or who delivered a small for gestational age infant; excluding women with premature rupture of membranes or those who delivered an infant with congenital anomalies; and excluding women with scheduled cesarean deliveries to exclude births with less delivery-related stress to the fetus. Exposure to ozone, NO~2~, or SO~2~ during the first, second, and third trimesters were not associated with false positives in FHR monitoring.Table 3Odds ratios (ORs) and 95% confidence intervals (CIs) for the association between exposure to pollutants and fetal heart rate monitoring abnormalities in western Japan, 2005--2010.nNo. of outcomeOR per interquartile range increase95% CIExposure during the first trimester  PM ^a,b^    Model 1^c^23,7822,3231.221.071.38    Model 2^d^23,6232,3031.201.051.37  Ozone    Model 123,6551,9751.020.931.11    Model 221,6281,9721.010.921.11  NO~2~ ^e^    Model 121,5432,0140.830.661.04    Model 221,3462,0000.790.621.01  SO~2~ ^f^    Model 123,4772,2721.020.911.13    Model 223,3572,2600.980.871.11Exposure during the second trimester  PM    Model 123,7822,3231.120.991.27    Model 223,6232,3031.050.911.21  Ozone    Model 123,6551,9750.970.891.07    Model 221,6281,9720.990.901.09  NO~2~    Model 121,5432,0140.900.721.13    Model 221,3462,0001.080.831.41  SO~2~    Model 123,4772,2721.060.951.18    Model 223,3572,2601.120.971.29Exposure during the third trimester  PM    Model 123,6232,3031.070.971.17    Model 223,6232,3031.060.961.17  Ozone    Model 121,6281,9721.070.981.18    Model 221,6281,9721.060.971.17  NO~2~    Model 121,3462,0000.860.711.04    Model 221,3462,0000.820.651.02  SO~2~    Model 123,3572,2600.980.891.08    Model 223,3572,2600.930.831.05^a^PM = particulate matter.^b^As an indicator of PM, we used suspended PM, defined as airborne particles with a 100% cut-off level of 10-μm aerodynamic diameter under the Japan Air Quality Standards.^c^Adjusted for maternal age at delivery, birth year, season of conception, parity, smoking during pregnancy, alcohol drinking during pregnancy, gestational age at birth, premature rupture of membranes, mode of delivery, presence of congenital anomalies, and small for gestational age.^d^We included exposure to pollutant during the first, second, and third trimesters simultaneously.^e^NO~2~ = nitrogen dioxide, ^f^ SO~2~ = sulfur dioxide. Table 4Sensitivity analyses of the association between exposure to particulate matter (PM)^a^ during the first trimester and fetal heart rate monitoring abnormalitiesnNo. of outcomeOR^b^ per interquartile range increase^c^95% CI^d^Model 2 in Table [3](#Tab3){ref-type="table"}23,6232,3231.201.051.37Adjusted for exposure to Ozone, NO~2~, and SO~2~ during the first trimester19,2151,6231.231.051.44Excluding Okinawa area20,2631,9971.261.061.49Restricted to nulliparous10,5031,4831.251.031.52Restricted to non-smokers during pregnancy15,2121,5071.291.081.54Restricted to non-alcohol drinkers during pregnancy15,6651,5491.211.021.44Excluding women who delivered preterm (32--36 weeks of gestation)20,2761,8741.221.031.45Excluding women who delivered a baby small for gestational age21,4191,9521.281.081.51Excluding women with premature rupture of membranes21,3522,0371.241.051.47Excluding women who delivered a baby with congenital anomalies22,8382,2161.261.081.48Excluding women with scheduled cesarean deliveries18,5752,2741.231.051.44^a^As an indicator of PM, we used suspended PM, defined as airborne particles with a 100% cut-off level of 10-μm aerodynamic diameter under the Japan Air Quality Standards.^b^OR = odds ratio.^c^Adjusted for maternal age at delivery, birth year, season of conception, parity, smoking during pregnancy, alcohol drinking during pregnancy, gestational age at birth, premature rupture of membranes, mode of delivery, presence of congenital anomalies, small for gestational age, and exposure to PM during the second and third trimesters.^d^CI = confidence interval.

Discussion {#Sec8}
==========

In this study, we observed a positive association between exposure to PM in the first trimester of pregnancy and false positives in FHR monitoring. No associations were observed for ozone, NO~2~, or SO~2~. Moreover, no association was observed between PM exposure in the second- and third-trimester and false positives in FHR monitoring. To the best of our knowledge, this is the first study to report an association between first-trimester PM exposure and false positives in FHR monitoring.

False positives in FHR monitoring have been linked to congenital anomalies, infections, and maternal smoking^[@CR35]--[@CR39]^. FHR monitoring abnormalities have been reported at high frequencies in these cases, even when the fetus was otherwise well. Although FHR monitoring abnormalities can lead to emergency C-sections in cases of cardiac malformation, acidosis is often not observed in such cases. Moreover, bradycardia, LD, and other FHR monitoring abnormalities are frequently observed in cases of cytomegalovirus infection^[@CR38]^. Additionally, maternal smoking can alter the regulation of heart rate and increase infant reactivity soon after birth^[@CR39],[@CR40]^. Even in the absence of complications, maternal smoking has been linked to an elevated C-section rate due to the diagnosis of non-reassuring fetal status^[@CR39]^. While the study reporting this association did not measure umbilical arterial blood pH, no differences in Apgar scores were reported between the smoking and non-smoking groups^[@CR39]^. Although exposure to maternal smoking can occur throughout gestation, infections have a greater influence on the fetus early in pregnancy. FHR changes are reciprocally formed and regulated by the autonomic nervous system, the cardiovascular center in the brainstem, and the cardiac conduction system^[@CR41]^. The first trimester is a critical period for the formation of these control mechanisms. In the present study, the association between false positives in FHR monitoring and exposure to air pollution was observed for the first-trimester but not second or third-trimester exposure. Nachman *et al*.^[@CR16]^ reported a direct association between PM~2.5~ exposure and intrauterine inflammation using histopathological analyses of human placenta samples. On the one hand, inflammatory tissue often leads to hypoxic states^[@CR17]^. In animal experiments, hypoxic stimulation causes changes in heart rate responses. Subsequently, the same amount of hypoxic stimulation caused greater declines in the heart rate^[@CR18],[@CR19]^. Based on these findings, about the potential mechanism, we thought that uterine inflammation and hypoxic stimulation caused by air pollution in the first trimester might affect the cardiovascular center of the brainstem and the heart rate reactivity of the fetus. However, further research regarding the underlying mechanism is needed.

One limitation of this study is the locations at which air pollution levels were measured. Data were collected from the ambient air pollution monitoring station closest to the hospital where the study participant gave birth and thus provided imperfect measurements of women's individual exposures. However, this exposure misclassification was likely to be non-differential; therefore, we would underestimate the effect of PM exposure on abnormal FHR. And there are also a limitation of this study. Because routine measurement of PM2.5 at monitoring stations did not start in Japan until after 2010, we could not analyze PM 2.5 separately in this study. In addition, since there were unmeasured factors, such as socioeconomic status, the possibility of residual confounding could not be excluded. Finally, the generalization of our results requires careful attention because of the exclusion of women thought to have participated in the *satogaeri* custom.

In 33.5% (777) of the cases that showed false positives in FHR monitoring, emergency C-sections were performed. Hence, preventing air pollution exposure in the first trimester of pregnancy could help reduce C-sections performed because of false positives in FHR monitoring. This is highly significant as it could help conserve medical resources. We recommend that future epidemiological studies be performed to verify and build on these findings.

Conclusions {#Sec9}
===========

We observed a positive association between exposure to PM in the first trimester and false positives in FHR monitoring. No associations were observed for ozone, NO~2~, or SO~2~. Moreover, no association was observed between PM exposure in the second- and third-trimester and false positives in FHR monitoring. Thus, first-trimester PM exposure may alter the FHR response and lead to false positives in FHR monitoring.

Electronic supplementary material
=================================

 {#Sec10}

Supplementary figure

Seiichi Morokuma and Takehiro Michikawa contributed equally to this work.

**Electronic supplementary material**

**Supplementary information** accompanies this paper at 10.1038/s41598-017-12663-2.

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

We thank the many doctors who cooperated with the creation of the Japan Perinatal Registry Network database. This study was supported by a research grant from the Japan National Institute for Environmental Studies and in part by MEXT KAKENHI (grant no.: 24119004) and Japan Society for the Promotion of Science KAKENHI (grant no.: 16H01880, 16K13072). The sponsors had no involvement in the study design, collection, analysis, and interpretation of data, the writing of the report, or the decision to submit the paper for publication.

Study concept and design: S.M. Statistical analyses: T.M. Drafting of the manuscript: S.M. and T.M. Critical revision of the manuscript for important intellectual content: all authors. Technical or material support: Y.S. Study supervision: K.K. and H.N. Manuscript review: all authors.

Competing Interests {#FPar1}
===================

The authors declare that they have no competing interests.
